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ABSTRACT The main hypothesis for prion diseases is that the cellular protein (PrPC) can be altered into a misfolded, b-sheet-
rich isoform (PrPSc), which undergoes aggregation and triggers the onset of transmissible spongiform encephalopathies. Here,
we investigate the effects of amino-terminal deletion mutations, rPrPD51–90 and rPrPD32–121, on the stability and the packing
properties of recombinant murine PrP. The region lacking in rPrPD51–90 is involved physiologically in copper binding and the
other construct lacks more amino-terminal residues (from 32 to 121). The pressure stability is dramatically reduced with
decreasing N-domain length and the process is not reversible for rPrPD51–90 and rPrPD32–121, whereas it is completely reversible
for the wild-type form. Decompression to atmospheric pressure triggers immediate aggregation for the mutants in contrast to
a slow aggregation process for the wild-type, as observed by Fourier-transform infrared spectroscopy. The temperature-induced
transition leads to aggregation of all rPrPs, but the unfolding temperature is lower for the rPrP amino-terminal deletion mutants.
The higher susceptibility to pressure of the amino-terminal deletion mutants can be explained by a change in hydration and
cavity distribution. Taken together, our results show that the amino-terminal region has a pivotal role on the development of
prion misfolding and aggregation.
INTRODUCTION
The prion agent, responsible for the occurrence of trans-
missible spongiform encephalopathies, is believed to com-
prise, at least in part, the prion protein (PrP) (1,2). These
diseases are characterized by intense neurodegeneration caused
by the presence of abnormal PrP isoforms (3). The onset of
prion diseases is linked to conversion of the normal cellular
conformation (named PrPC) into an abnormal isoform, named
PrPSc (from Scrapie), which is mostly insoluble, partially
protease-resistant, and contains a higher b-sheet amount (4,5).
Although the three-dimensional nuclear magnetic resonance
(NMR) structures of several cellular mammalian PrPs have
been solved (6–9), there are no available high-resolution struc-
tures of PrPSc.
All mammal PrPs share similar structural characteristics,
which include a disordered amino (N)-terminal region (com-
prising residues 23–124) and a globular carboxyl (C)-terminal
domain (residues 125–228) (10). Several point mutations
associated to genetic forms of prion diseases are segregated in
the C-terminal globular domain (1), so it is believed that this
region is directly associated to formation of ﬁbrils and agg-
regates and to propagation of disease. However, the impor-
tance of the N-terminal region should not be neglected. A
recent model for the 89–175 plastic region of the prion protein
assumes that this region can adopt a b-helical fold (11). Also,
the 90–145 domain, which is associated with the PrPC con-
version into b-sheets (12), and the octapeptide repeats (PrP
copper-binding region) are also located at the amino-terminus
(13,14). The cellular location of the prion protein also cor-
roborates the vision that the N-terminus could interact directly
with exogenous PrPSc or with extracellular matrix compo-
nents, such as glycosaminoglycans (15), laminin (16), or with
PrP ligands (17). The importance of the N-terminal region was
recently substantiated by the ﬁnding that copper (II) inhibits in
vitro conversion of prion protein into amyloid ﬁbrils (18).
The expression of amino-terminally truncated PrP in mice
leads to ataxia and cerebellar lesions (19). Cellular trafﬁck-
ing studies of some of these deletion mutants reveal that the
PrPC isoforms are preferentially present at the plasma mem-
brane (20).Moreover, prion protein lacking the copper-binding
region (13) has been shown to be able to restore susceptibility
to scrapie in PrP knockout mice (21).
High pressure has been used to investigate the rPrP23–231
stability in comparison with rPrP aggregates (22), and we
have also used this physical tool to explore the mutants’
behavior in this work. The higher susceptibility to pressure
of the b-sheet aggregates of rPrP could be explained by its
less hydrated structure, which was corroborated by pressure
perturbation calorimetry (22). The role of hydration in the
folding stability of PrP and to amyloidogenicity has been
reinforced by an elegant molecular dynamics study (23).
High pressure favors the formation of structures with smaller
volume, and application of pressure generally hydrates the
hydrophobic interior of proteins (24–27). Here, we have
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investigated the full-length recombinant murine prion protein
(rPrP23–231) stability against chemical and physical perturba-
tions and have compared these results with the denaturation
of deletion mutants of mouse rPrP, the rPrPD32–121 and the
rPrPD51–90, which lack sequences with different lengths from
the amino-terminal region (Scheme 1). We have investigated
the secondary structure changes of the mutants induced by high
pressure by Fourier-transform infrared spectroscopy (FT-IR)
(28).We compare these data with previous high-pressure FT-IR
results for full-length rPrP (22), and could observe differences
between both mutants and the rPrP23–231. Interestingly, al-
though the amino-terminal deletions do not seem to contribute
to the overall rPrP structural stability against all chemical per-
turbations applied by us, the physical treatments could dif-
ferentiate the mutant’s behavior from the full-length rPrP very
well. Full-length rPrP displays a marked stability in comparison
with the deletion mutants. After pressure-induced unfolding,
the mutants acquire a higher amount of b-sheets, indicating that
aggregation occurs after pressure release and, interestingly, this
proﬁle seems to be directly related to the length of the amino-
terminal deletion.
MATERIALS AND METHODS
Construction, expression, and puriﬁcation of
recombinant prion proteins
Recombinant PCR technique (29) was used to substitute the amino acid
phenylalanine to tryptophan at position 174 (F174W). We ampliﬁed cDNA
fragments employing pEGFP-PrPcD51–90 and pEGFP-PrPcD32–121 (20)
with internal primers (forward: 59 CAG AAC AAC TGG GTG CAC GAC
TGC 39 and reverse: 59 GTC GTG CAC CCA GTT GTT CTG GTT 39) and
external primers (forward: 59 GAG GGA TCC AAA AAG CGG CCA AAG
39 and reverse: 59 AGA GAA TTC TCA GCT GGA TCT TCT CCC GTC
39). The PCR fragments were cloned between EcoRI and BamHI restriction
sites in the pRSETA vector (Invitrogen). Sequencing analysis was done to
check for the nucleotide substitution. The expression and puriﬁcation of
this protein followed the same protocol as previously described (30). For
simpliﬁcation, these constructs will further only be named rPrPD51–90 and
rPrPD32–121 (see Scheme 1).
Reagents and protein sample
All reagents used were of analytical grade. D2O for FT-IR was purchased
from Aldrich (Seelze, Germany). For chemical- and pressure-induced
denaturation, the pressure insensitive Tris buffer at 10 mM, pH 7.5, 100 mM
NaCl was used. Recombinant PrPs at 5.0 mM or 10.0 mM in 10 mM sodium
phosphate buffer supplemented with 100 mMNaCl, at pH 6.5, were used for
circular dichroism and ﬂuorescence spectroscopy temperature-induced tran-
sition experiments, respectively. The FT-IR measurements were performed
in Tris buffer, pD 7.5, for pressure-dependent, and in phosphate buffer, pD
6.5, for temperature-dependent measurements (both buffers with 100 mM
NaCl). All samples for FT-IR were lyophilized three times to remove all H20
and then diluted to 4% (wt/wt) in 99.9% D20 in the speciﬁed buffers.
Spectroscopic measurements
Light scattering and ﬂuorescence spectra were recorded on an ISSPC1
ﬂuorometer (ISS, Champaign, IL) or on a Varian Cary Eclipse ﬂuorometer.
Light scattering at 90was measured illuminating the samples at 320 nm and
collecting LS from 300 to 340 nm for the temperature-induced aggregation
assays and a 10C/h scanning rate was applied. The tryptophan ﬂuorescence
of rPrP23–231, rPrPD51–90 and rPrPD32–121 was measured by exciting at 280
nm and the emission detected from 300 to 420 nm.
FT-IR spectroscopy
The FT-IR spectra were recorded with a MAGNA 550 spectrometer from
Nicolet (Offenbach, Germany) equipped with a MCT (HgCdTe) detector
operated at 196C. Each spectrum was obtained by coadding 256 scans
at a spectral resolution of 2 cm1 and was apodized with a Happ-Genzel
function. As background, the buffer spectrum was used. The spectrometer
chamber was purged with dry and carbon dioxide free air. For temperature-
dependent experiments, the sample chamber with 4-mm thick CaF2
windows and an optical path length of 50 mm was used. A diamond anvil
cell (High Pressure Diamond Optics, Tucson, AZ) with type IIa diamonds
was used for the measurements under pressure, which were carried out
between 1 bar and ;10 kbar. Powdered a-quartz was placed in the pinhole
of the steel gasket, and changes in pressure were quantiﬁed by the shift of the
quartz phonon band at 798 cm1. An external thermostat was used for the
pressure- and temperature-dependent measurements to control the tem-
perature to within 0.1C. The equilibration time before each spectrum was
recorded at each temperature and pressure was 15 min. Fourier self-
deconvolution of the FT-IR spectra was performed with a resolution
enhancement factor of 1.8 and a bandwidth of 15 cm1. Determination of
peak position and curve ﬁtting were performed with OMNIC (Nicolet,
Madison, WI) and GRAMS (Galactic, Salem, NH) software, respectively.
The integral intensities of the secondary structure elements of rPrP were
calculated by analysis of the amide I9 vibration mode of the infrared
spectrum. A peak ﬁtting procedure using mixed Gaussian and Lorentzian
peak function allows overlapping bands to be modeled as the sum of fully
resolved ideal peak functions and includes peak picking, baseline ﬁtting, and
statistical results (22,28,31,32). Peak ﬁtting was performed using an iterative
method that starts with a set of initial values for the peak parameters and
modiﬁes them until the x2 value (reduced x-squared, a weighted difference
measure between the actual and measured data) reaches a minimum. A
measure of the goodness of ﬁts is the correlation R2 factor (the ratio of
variances between the ﬁtted data and the average over that of the raw data
over the average).
The amide I9 mode of rPrP was ﬁtted in the range from 1695 to 1596
cm1 and analyzed using six mixed Gauss-Lorentz functions. From the
parameters found, the peak areas (integral intensities) of all components
were calculated. The output relative peak areas of the amide I9 band (¼
integral intensity) have an approximate error of 62%. Typical R2-values of
the peak ﬁtting statistics were in the range of 98.7–99.6%.
The transitions detected were not reversible, than an analysis of the data
in terms of valid thermodynamic is not appropriate.
Far-UV circular dichroism
Circular dichroism spectra of recombinant prion protein were recorded using
a Jasco J-715 spectropolarimeter (Jasco, Tokyo, Japan) at 25C, with 2.00-
mm path-length cells. All spectra were subtracted from the respective buffer
spectrum and collected with four accumulations each.
SCHEME 1 Recombinant mouse prion protein constructs. The numbers
on top indicate the amino acid residue and the vertical dotted lines
deliminate the regions that are lacking in the rPrP deletion mutants in
comparison with full-length rPrP (upper black line).
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RESULTS
We have investigated the secondary structure content of the
rPrP deletion mutants rPrPD51–90 and rPrPD32–121 by circular
dichroism (CD) spectroscopy (Fig. 1 A). Both exhibit a
a-helix-rich structure at physiological pH and the CD spectra
are very similar to that of full-length PrP (Fig. 1 A). We
subtracted the CD spectra of the deletion mutants from the
spectrum of the recombinant rPrP to access their structural
differences (Fig. 1 A, inset). The resulting spectra are almost
devoid of a-helices and display a higher random coil content,
as expected, because the regions lacking in the mutants are
supposed to be unordered (7,9). Assuming that the deleted
residues just reduce the random coil content and do not
change the structure of the C-terminal core, we calculated the
secondary structure content of the mutants, based on the
NMR data (Protein Data Bank (PDB): 1AG2). These
‘‘theoretical’’ values are listed in Table 1.
To obtain detailed information on the secondary structure
of rPrPD32–121 and rPrPD51–90, we monitored their infrared
absorption spectrum at 25C by FT-IR spectroscopy. Brieﬂy,
one can obtain information about the secondary structure
components, by analysis of the IR amide I band. The amide I
band (which downshifts by;5 cm1 when in D2O as solvent
and is then labeled amide I9 band), occurs between ;1700
and ;1600 cm1 (28,31), and represents 76% of the C¼O
stretching vibration of the amide group, coupled to the C-N
stretching (14%) and C-C-N deformation (10%) mode. The
exact frequency of this vibration depends on the nature of
the hydrogen bonding involving the amide group, and this is
determined by the particular secondary structure adopted by
the protein. Due to the unknown transition dipole moments of
the various secondary structure elements, only relative and no
absolute values for the population of conformational states can
be given. Curve ﬁtting procedure allowing a quantization of
the secondary structure in the different states was performed
as described in Materials and Methods.
Fig. 1 B compares the amide I9 region of the mutants and
the wild-type prion protein. It can be seen that the spectra are
slightly different. With increasing deletion, the band broad-
ening decreases, due to the reduced random coil content. Six
bands are found to contribute to the overall amide I9 area.
Table 2 lists the peak positions and areas relative to the total
area of the amide I9 region. The band positions and their
relative contributions for rPrP are in good agreement with our
earlier work without added salt (22). As expected, deletion
of the N-terminal region in the rPrP modiﬁes the relative con-
tribution of secondary structure elements, increasing helical
structures from 25.5% in the full-length rPrP over 36.9% in
rPrPD51–90 to 41.9% in rPrPD32–121 (at 25C). The random coil
content decreases concomitantly from 48.4% in rPrP121–231
over 33.4% in rPrPD51–90 to 32.3% in rPrPD32–121.
As all tryptophans in the prion protein are highly solvent
exposed, we constructed both mutants with a F174W sub-
stitution, in an attempt to internalize a tryptophan moiety in
the rPrP globular region, as previously reported (33). This
mutation allowed us to analyze the chemical-induced tran-
sitions by ﬂuorescence measurements. We observed by
FIGURE 1 Secondary structure of rPrPD51–90 and rPrPD32–121 analyzed by
CD and FT-IR spectroscopy. (A) CD spectra of rPrP23–231 (solid line),
rPrPD51–90 (dashed line), and rPrPD32–121 (dotted line) at 5.0 mM, pH 6.5.
(Inset) Spectrum of rPrP23–231 subtracted from rPrPD32–121 (solid line) and
from rPrPD51–90 (shaded line) spectra. All CD and FT-IR measurements
were performed at 25C in 10 mM phosphate buffer. (B) Fourier self-
deconvoluted FT-IR spectra of 4% (wt/wt) recombinant PrPs at pD 6.5.
TABLE 1 Secondary structure content of rPrP constructions
Calculated
secondary
structure content
rPrP23–231
209 residues
rPrPD51–90
169 residues
rPrPD32–121
119 1 17 residues*
b-sheets 1.9% 2.4% 2.9%
Helices 25.8% 31.9% 39.7%
Turns (b 1 g) 10.1% 12.4% 15.5%
Random coil 62.2% 53.3% 41.9%
Calculated secondary structure content based on NMR data (PDB: 1AG2),
assuming that the deleted residues just reduce the random coil content and
do not change the structure of the C-terminal core.
*This construct maintains the histidine tag.
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FT-IR that the overall structure in the globular domain has
not changed signiﬁcantly, and the F174W substitution did
not induce a different fold of the prion protein constructs.
Summarizing, the structural results obtained for the mutants
are in accordance with our expectations, assuming that the
region lacking in both mutants is completely random, and
using as reference the NMR data for mouse rPrP121–231
(1AG2.pdb) (7,34).
Once having basic structural information about the murine
rPrP amino-terminal deletion mutants, we started analyzing
the effects of chemical and physical perturbations on these
constructs and compare them with previous results for
murine full-length rPrP23–231 (22).
Effect of chemical denaturants on the structure
and stability of rPrPs
The stability of all constructs against denaturing agents was
analyzed at 25C. The urea and guanidine hydrochloride
unfolding isotherms monitored by ﬂuorescence spectros-
copy showed no signiﬁcant difference between all curves
(not shown), which is consistent with previous ﬁndings for
mouse PrP121–231 (33). The unfolding transitions of the rPrP
mutants induced by urea and guanidine hydrochloride were
also monitored by circular dichroism spectroscopy. Fig. 2
reveals thea-helical secondary structure content as a function
of chemical denaturant concentration. We observe similar
results as for the tertiary structural changes, where all rPrP
constructs behave similarly upon guanidine-induced unfold-
ing. The urea-induced transitions of the deletion mutants can
not be distinguished from the one observed for full-length
rPrP (data not shown), only the mean denaturation concen-
tration required is different for both denaturing agents, as
shown in Table 3. Whereas a U1/2 value of;6 M is observed
for urea, a G1/2 value of ;2.7 M is obtained for GdnHCl for
all samples.
Hence, according to these data, the N-terminal domains
51–90 and 32–121 do not contribute to the prion protein
structural stability, although they seem to be important for
the putative PrPC physiological role(s) (19,21).
TABLE 2 Secondary structure content of rPrP23–231, rPrPD51–90, and rPrPD32–121 in native (at 25C) and heat-unfolded (aggregated,
after 12 h after cooling from 80 to 25C) states, as determined by FT-IR spectroscopy
WT, native D51–90, native D32–121, native
Structural assignment Wavenumber/cm1 Area/% Wavenumber/cm1 Area/% Wavenumber/cm1 Area/%
Intermolecular b-sheet 1680 4.6 1679 5.5 1679 2.6
Turn 1669 11.3 1666 12.7 1668 11.4
a-Helix 1652 25.5 1652 36.9 1651 41.9
Random coil 1642 48.4 1639 33.4 1641 32.3
Intramolecular b-sheet 1627 4.2 1627 6.7 1630 9.5
Intermolecular b-sheet 1613 5.9 1613 4.8 1611 2.4
WT, aggregated D51–90, aggregated D32–121, aggregated
Structural assignment Wavenumber/cm1 Area/% Wavenumber/cm1 Area/% Wavenumber/cm1 Area/%
Intermolecular b-sheet 1682 5.6 1681 8.6 1681 7.2
Turn 1670 13.9 1670 7.6 1670 10.1
a-Helix 1657 21.4 1659 14.0 1659 10.7
Random coil 1645 19.6 1646 19.1 1646 25.6
Intramolecular b-sheet 1632 25.7 1629 24.2 1630 22.5
Intermolecular b-sheet 1616 13.7 1612 26.4 1612 23.8
The estimated error in the wavenumbers is 61 cm1 and 62% for the peak areas, as determined using different peak ﬁtting routines giving the best ﬁtting
statistics.
FIGURE 2 Effect of chemical denaturants on rPrP deletion mutants.
The a-helical secondary structure content of the rPrPs in the presence of
guanidine hydrochloride was monitored by CD spectroscopy. Raw
ellipticity values at 222 nm were collected and results are displayed as
fraction denatured ( f ¼ (e222nmobse222nminitial)/(e222nmﬁnale222nminitial)).
Conditions: rPrP23–231 (open circles), rPrPD51–90 (solid circles), and
rPrPD32–121 (shaded circles) at 3.0 mM in 50 mM Tris buffer, 100 mM
NaCl, pH 7.5, were incubated with denaturant for 1 h and CD spectra (2.00-
mm path-length cell with 4 accumulations) were collected.
2670 Cordeiro et al.
Biophysical Journal 89(4) 2667–2676
Thermal denaturation of recombinant mouse PrPs
Further, we performed measurements of the thermal-induced
transitions for the full-length and mutant rPrPs and
monitored the decrease in a-helical secondary structure by
CD (Fig. 3 A). The raw ellipticity value at 222 nm, which is
present in proteins containing a high a-helical content (35),
was monitored during the temperature increase from 25 to
;90C. We observed that, although rPrPD32–121 and
rPrPD51–90 display a similar unfolding proﬁle within the
experimental error, with a T1/2 for unfolding at ;64C, the
rPrP23–231 is signiﬁcantly more thermally stable (T1/2 ¼
68C). The thermal transition was not completely reversible
after return to 25C. We have then monitored the rPrP
mutant’s aggregation by the increase in light scattering as
a function of temperature (Fig. 3 B). In agreement with the
CD results, we observed that both mutants aggregate at lower
temperatures compared to full-length rPrP (Table 3).
To investigate the effect of temperature on the secondary
structure of prion protein, we also measured the heat-induced
changes in the amide I9 region of the infrared spectrum in
the temperature range from 20 to 80C with a scanning rate
of 20C/h (Fig. 4). Selected FT-IR spectra for the smaller
construct, rPrPD32–121, are shown in Fig. 4 A. We veriﬁed
that protein aggregation takes place above 41C, as can be
seen from the appearance and further increase of the IR
intensities at 1612 and 1681 cm1, respectively, which are
characteristic of intermolecular antiparallel b-sheets (36).
The relative content of secondary structure elements of
rPrPD51–90 and rPrPD32–121 are depicted in Fig. 4, B and C,
respectively (see also Table 2). The unfolding temperature
(T1/2) of rPrP
D51–90 is ;43C, and rPrPD32–121 unfolds at
;40C, whereas the full-length rPrP unfolds at ;46C
(Table 3). During the unfolding and aggregation, the wild-
type prion protein loses;16% of a-helices (from 25.5 in the
native state to 21.4% in the aggregated state) and ;60% of
disordered structures (from 48.4 to 19.6%) forming non-
native b-sheets; ;1/2 of the residues (45%) are involved in
the b-sheet formation (at 25C, 12 h after the cooling from
80C). With decreasing N-terminal domain size, the stability
of a-helices decreases dramatically: ;62% of a-helices
undergo the transition to b-sheets in the case of rPrPD51–90,
whereas rPrPD32–121 loses ;75% of its a-helices upon
aggregation. The content of b-sheets is higher in the mutants,
when compared to rPrP23–231: ;59% of rPrPD51–90 and
;54% of rPrPD32–121 residues are involved in the conversion
into b-sheet-rich species of the prion protein. Obviously, the
ﬂexible N-domain of prion protein protects the globular
C-domain against intermolecular b-sheet formation (and
hence ﬁbrillogenesis), possibly via loose contacts with the
protein surface and thus sterical protection.
Upon cooling to room temperature, the aggregation bands
remained unchanged, indicating that the temperature-induced
TABLE 3 Unfolding characteristics of prion protein
Prion
construct
T1/2 (C)
G1/2 (M)
(CD data)
U1/2 (M)
(CD data)(CD data) (LS data) (FT-IR data)
rPrP23–231 68.4 6 0.6 64.2 6 0.2 45.5 6 0.2 2.7 6 0.1 6.3 6 0.3
rPrPD51–90 64.4 6 0.5 57.7 6 0.1 43.0 6 0.1 2.7 6 0.1 6.2 6 0.1
rPrPD32–121 64.2 6 0.2 56.6 6 0.2 40.1 6 0.8 2.7 6 0.1 6.2 6 0.2
The medium values for the transitions were calculated from the respective
set of data for each measurement. The curves were ﬁtted assuming a two-
state transition with a sigmoidal equation.
FIGURE 3 Temperature-induced unfolding of rPrP’s. (A) CD mea-
surements showing loss of a-helical secondary structure (calculated as
in Fig. 2) as a function of temperature. The heating rate was 1C/min.
(B) Temperature-induced aggregation measured by the increase in light
scattering at 320 nm. The heating rate was 10C/h and LS spectra were
collected 5 min after incubation at each temperature. rPrP23–231 (open
circles), rPrPD51–90 (solid circles) and rPrPD32–121 (shaded circles) at 5.0 mM
(for CD) and 10.0 mM (for LS) in 10 mM phosphate buffer, pH 6.5.
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transition of the prion mutants is irreversible (Fig. 4, A and B,
open symbols), as observed for mouse full-length rPrP (22).
The measured middle temperature (T1/2) of unfolding is
different for both techniques (Table 3), but we observe the
same trend in terms of heat resistance and aggregation. This
difference is due to the different sensitivity of the methods
used. In the FT-IR measurements, a much higher concen-
tration was used in comparison to that in the CD measure-
ments (see Materials and Methods section). Taken together,
these results suggest that the N-terminal region may con-
tribute in part to the overall prion protein stability.
Effect of high pressure on the structure and
stability of recombinant mutant PrPs
To investigate the unfolding and aggregation proﬁle of the
rPrP deletion mutants, rPrPD32–121 and rPrPD51–90 in greater
depth, we analyze their stability against pressure and compare
these results with the pressure-induced unfolding of rPrP23–231
(22) (Fig. 5). Pressure was increased from 0.001 to ;13 kbar
and the changes in the amide I9 vibration mode at 25C were
detected. Exemplary, selected FT-IR spectra of rPrPD51–90 as
a function of pressure are shown in Fig. 5 A. The secondary
structure changes upon isothermal rPrPD51–90 and rPrPD32–121
pressurization are clearly visualized in Fig. 5, B and C,
respectively. In the case of full-length rPrP, we observe the
unfolding above 4.5 kbar with a p1/2 ¼ 5.4 6 0.2 kbar,
indicated by typical changes in the amide I9 band region: The
band becomes broader and the intensity of the main peak
decreases and shifts to lower wavenumbers, pointing to a de-
crease in a-helical structures (22). Upon unfolding, rPrP23–231
loses ;54% of the a-helices, only 12% of the protein remain
helical at 10 kbar. Concomitantly, turns, random coil, and
b-sheet elements increase slightly. When we compare the
pressure sensitivity of the mutants with that of the full-length
prion protein, we ﬁnd that the unfolding pressure shifts dras-
tically to lower values. In the case of rPrPD51–90, unfolding is
completed above ;2.2 kbar with a p1/2 ¼ 1.23 kbar, and for
the smaller construct, rPrPD32–121, the unfolding is completed
above ;2.0 kbar, with a p1/2 ¼ 0.74 kbar. rPrPD32–121 seems
to be extremely unstable under pressure; unfolding takes place
already after the closing of the diamond anvil cell (which is
connected with an inevitable small pressure increase in the
range of few ten bars, needed to get the high-pressure cell
sealed), as can be seen from the initial values depicted in Fig. 5
C. The unfolding pathway follows a scenario similar to that
of full-length prion protein: rPrPD51–90 loses ;55% of the
a-helices with only 16.5% remaining at 9 kbar; the a-helical
content of rPrPD32–121 decreases by ;58% (from 41.9% at 1
bar to 17.4% at 9 kbar) during the pressure-induced unfolding.
Concomitantly, we observe an increasing content of random
FIGURE 4 Temperature-induced aggregation of rPrPs measured by
FT-IR spectroscopy. (A) Selected Fourier self-deconvoluted FT-IR spectra
of the rPrPD32–121 temperature-induced transition. Relative intensity of
rPrPD32–121 (B) and rPrPD51–90 (C) secondary structure components as a
function of temperature. All open symbols correspond to the respective
secondary structure component 12 h after cooling to 25C. The error in
determination of the secondary structure elements from the relative peak
areas of the amide I9 band (integral intensities) from different runs is;62%,
smaller than the size of the symbols.
2672 Cordeiro et al.
Biophysical Journal 89(4) 2667–2676
coil structures and, surprisingly, the amount of b-sheets in-
creases, indicating that protein aggregation is enhanced under
pressure. The amount of b-sheet structures, thus, increases
with decreasing N-domain size: ;19% in rPrP23–231, ;25%
in rPrPD51–90 and ;27% rPrPD32–121 at 9 kbar. Such kind of
behavior was also observed recently with the Syrian hamster
rPrP90–231 (37).
The isothermal pressure-induced unfolding transitions
were not reversible (see right-hand side of Fig. 5, B and C),
as in the case of full-length rPrP (within the same time
range). Strikingly, the deletion mutants aggregated immedi-
ately after return to atmospheric pressure at 25C (Fig. 6).
The IR bands at ;1613 and 1682 cm1 increase drastically
after pressure release, and this increase, indicative of pro-
gressing aggregation, is directly related to the size of the
amino-terminal deletion. The rPrPD32–121, which lacks most
of the rPrP disordered region (34), aggregates more rapidly
and more extensively than rPrPD51–90 upon pressure release.
In Fig. 6, the infrared spectra after return to atmospheric
pressure of the prion protein constructs studied here are
shown for comparison. It is interesting to note that, even full-
length rPrP aggregates at 25C after return to 1 bar, but this
process is much slower than for the mutants lacking parts of
the N-terminus. Whereas the full-length rPrP aggregation
takes ;24 h to occur after release of pressure, the aggre-
gation of the two mutants is already massive in the ﬁrst hour
after decompression. The mutant with larger deletion
(rPrPD32–121) is the one that aggregates faster.
DISCUSSION
Our goal was to understand how the disordered amino-
terminal region of the prion protein affects the stability and
hence aggregation behavior of the protein. Our main ﬁnding
was that rPrP mutants lacking parts of this region behave
FIGURE 5 Pressure-induced transition of rPrP deletion mutants. (A)
Selected FSD FT-IR spectra of rPrPD51–90 (Tris buffer, pD 7.5, 100 mM
NaCl) as a function of pressure at 25C. Relative intensity of rPrPD51–90 (B)
and rPrPD32–121 (C) secondary structure components as a function of
pressure. The right panels in each plot follow the percentage of secondary
structure components after return to 1 bar.
FIGURE 6 Amino-terminal domain affects pressure-induced prion aggre-
gation. Infrared spectra (amide I9 range) of the rPrP constructs after pressure
release: rPrP23–231 (solid line), rPrPD51–90 (dashed line), and rPrPD32–121
(dotted line), 1 h after return to 1 bar. All measurements were performed at
25C, 4% (wt/wt) protein concentration at pD 7.5 with 100 mM NaCl.
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differently from full-length rPrP against physical treatments.
On the contrary, denaturation of rPrP23–231, rPrPD32–121, and
rPrPD51–90 by chemical agents, such as urea and guanidinium
hydrochloride, exhibits a similar proﬁle for all the proteins
studied.
The amino-terminal region of PrP, which comprehends
residues 23 to 121 (10), is unstructured (6), and most of the
point mutations associated to hereditary forms of prion
diseases are segregated in the C-terminal, globular folded
domain (1). However, a great part of this ﬂexible region is
involved in the structural conversion from PrPC to PrPSc, as
veriﬁed by molecular modeling (11,12). Moreover, the
hydrophobic region (residues 106 to 126) of the PrP is toxic
to cells in culture (38). It has also been recently veriﬁed that
this region can alter the conformation of protease-resistant
PrP (PrP-res) generated in an in vitro cell-free assay, sug-
gesting that the PrP ﬂexible amino-terminus is also involved
in transmissible spongiform encephalopathies pathogenesis
and cross-species transmissible spongiform encephalopa-
thies transmission (39). Other macromolecules have been
reported to be involved in the PrPC to PrPSc conversion, such
as nucleic acids (40,41) and glycosaminoglycans (15). The
binding of nucleic acid to recombinant prion protein seems
to involve both the N-terminus and the globular C-terminal
domain (L. M. T. R. Lima, Y. Cordeiro, and J. L. Silva,
2005, unpublished results). Nucleic acid binding competes
with the binding of small molecules (42).
Thermal-induced unfolding of murine rPrP deletion
mutants gives rise to increased b-sheet content at temper-
atures above ;40C, and to a concomitant decrease in the
amount of a-helix and random coils. Whereas the T1/2 value
for full-length rPrP is higher, the aggregation proﬁle as a
function of temperature increase is similar to the mutant’s
behavior. Obviously, the ﬂexible, unlinked, N-domain of the
prion protein contributes to the stability of the globular
C-domain against intermolecular b-sheet formation, possibly
via loose contacts with the protein surface and, hence, steri-
cal screening of the molecule. Such a scenario seems to be
even more likely in a crowded cell environment.
The use of pressure permits one to isolate alternative
structural conformers from the folding pathway, such as inter-
mediates on the route of aggregation (27,43–46). For example,
it was recently veriﬁed that recombinant ShaPrP90–231 under-
goes aggregation upon pressurization (37) and that pressure
promoted formation of amyloid aggregates of insulin at
conditions that normally do not favor aggregation (47). These
observations are very interesting and striking, because nor-
mally pressure leads to dissociation of aggregates (48) or
oligomeric proteins (49), or to unfolding of proteinmonomers
(24,45).
The pressure-induced unfolding transition of rPrPD32–121
and rPrPD51–90 is very distinct from the rPrP23–231 transition
(22), which is, probably, due to differences in packing and
hydration of these prion protein constructs. When we compare
the pressure sensitivity of the mutants with that of the full-
length prion protein, we ﬁnd that the unfolding pressure shifts
drastically to lower values. The midpoint of the transition of
rPrP23–231 is found to be;5.4 kbar, which is much higher than
the values found for the two mutants. In the case of rPrPD51–90,
the unfolding is completed above;2.2 kbar with a p1/2¼ 1.23
kbar, and for the smaller construct rPrPD32–121, the unfolding
is completed above;2.0 kbar, with p1/2 ¼ 0.74 kbar at 25C.
The amount of b-sheets in the denatured, unfolded state
increases with decreasing N-domain size. We note that the
pressure-induced unfolding transitions are not reversible: Upon
pressure release, both mutants form intermolecular b-sheets,
with rPrPD32–121, which lacks most of the rPrP disordered re-
gion, aggregating more rapidly and extensively than rPrPD51–90
(immediately after ambient pressure is restored). Pressure-
induced aggregation was also observed for the recombinant
human interferon-g, after release of pressure at 25C (50).
Even wild-type rPrP aggregates after return to ambient
pressure, but much slower. Here, we observe a reversibility
of the pressure-induced unfolding after release of pressure,
and only after ;36 h the aggregation bands become visible
in the FT-IR spectra. Previously, we could analyze the re-
versible transitions induced by pressure in terms of volume
and free-energy diagrams (22). Because of the irreversible
character of the pressure denaturation of the mutants, this
could not be pursued for them. The reversibility is obtained
for the wild-type form because the N 4 U transitions for
a-rPrP and b-rPrP are not connected at equilibrium and two
unfolded species (U and U’) were part of the diagram (22). In
contrast, a decrease in the energy barrier between the
different unfolded species would explain the fast aggregation
of the mutants. Therefore, the equilibrium is quite reversible
in the time frame of the experiment for the wild-type and
highly irreversible for the mutants. This is more remarkable
for the lengthier deletion (rPrPD32–121). Therefore, the
N-domain would have a crucial role in the modulation of
the magnitude of this kinetic barrier. It is very likely that
other molecules act on this barrier including nucleic acids,
chaperones, and other macromolecules (15,40–42,51).
The removal of the N-terminus hence inﬂuences the
secondary and, possibly, tertiary structure in such a way, that
it reduces its stability against pressure also. Probably, the
absence of the N-terminal region weakens the protein struc-
ture, allowing increased penetration of water into the core of
molecule and formation of disordered structures, which,
when exposed, are prone to aggregate more easily. Tight and
dynamical hydration sites were shown to have a key role in
structural stability of the prion protein (23). Thus, the higher
susceptibility to pressure of the amino-terminal deletion
mutants can be explained by a change in hydration and
cavity distribution.
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